To evaluate the effects of PLM on NCX1 on in vivo cardiac contractility, we injected recombinant adeno-associated virus (serotype 9) expressing either the phosphomimetic PLM S68E mutant or green fluorescent protein (GFP) directly into left ventricles (LVs) of PLM-knockout (KO) mice. Five weeks after virus injection, ϳ40% of isolated LV myocytes exhibited GFP fluorescence. Expression of S68E mutant was confirmed with PLM antibody. There were no differences in protein levels of ␣1-and ␣2-subunits of Na ϩ -K ϩ -ATPase, NCX1, and sarco(endo)plasmic reticulum Ca 2ϩ -ATPase between KO-GFP and KO-S68E LV homogenates. Compared with KO-GFP myocytes, Na ϩ /Ca 2ϩ exchange current was suppressed, but resting [Na ϩ ]i, Na ϩ -K ϩ -ATPase current, and action potential amplitudes were similar in KO-S68E myocytes. Resting membrane potential was slightly lower and action potential duration at 90% repolarization (APD90) was shortened in KO-S68E myocytes. Isoproterenol (Iso; 1 M) increased APD90 in both groups of myocytes. After Iso, [Na ϩ ]i increased monotonically in paced (2 Hz) KO-GFP but reached a plateau in KO-S68E myocytes. Both systolic and diastolic [Ca 2ϩ ]i were higher in Iso-stimulated KO-S68E myocytes paced at 2 Hz. Echocardiography demonstrated similar resting heart rate, ejection fraction, and LV mass between KO-GFP and KO-S68E mice. In vivo closed-chest catheterization demonstrated enhanced contractility in KO-S68E compared with KO-GFP hearts stimulated with Iso. We conclude that under catecholamine stress when [Na ϩ ]i is high, PLM minimizes [Na ϩ ]i overload by relieving its inhibition of Na ϩ -K ϩ -ATPase and preserves inotropy by simultaneously inhibiting Na ϩ / Ca 2ϩ exchanger.
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FXYD1; cardiac contractility; intracellular Na ϩ and Ca 2ϩ regulation; sodium-binding benzofuran isophthalate; recombinant adeno-associated virus-mediated gene transfer PHOSPHOLEMMAN (PLM), a 72-amino acid phosphoprotein with a single transmembrane domain (14) , is the founding member of the FXYD family of regulators of ion transport (23) . It is highly expressed in the heart (16) . When phosphorylated at serine 68 by protein kinase A, PLM relieves its inhibition on Na ϩ -K ϩ -ATPase (8, 26) but suppresses Na ϩ /Ca 2ϩ exchanger (NCX1) (28) . In isolated cardiac myocytes, PLM regulates contractility via its effects on either Na ϩ -K ϩ -ATPase (9, 26) or NCX1 (21) , depending on experimental manipulations.
Since both Na ϩ -K ϩ -ATPase and NCX1 regulate intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i ) on a beat-to-beat basis (5) , the effects of PLM on cardiac contractility in vivo are complex, controversial, and difficult to predict. Under basal conditions, PLM-knockout (KO) hearts contract just as well, if not better, than wild-type (WT) hearts (3, 10, 26) . This is inconsistent with the hypothesis that with loss of inhibition of Na (3, 8, 21, 26) , PLM-KO hearts should exhibit lower contractility compared with WT hearts. On the other hand, when subjected to catecholamine stress resulting in high intracellular Na ϩ concentration ([Na ϩ ] i ), WT but not PLM-KO hearts suffer a time-dependent decline in contractility (26) . Despa et al. (9) proposed that in WT hearts relief of inhibition of Na ϩ -K ϩ -ATPase by phosphorylated PLM lowers [Na ϩ ] i . Ca 2ϩ efflux via NCX1 is favored, resulting in reduced contractility. The role of NCX1 inhibition by phosphorylated PLM in regulation of cardiac contractility in vivo has not been elucidated.
Here, we used congenic PLM-KO hearts expressing the phosphomimetic PLM S68E mutant and green fluorescent protein (GFP) via recombinant adeno-associated virus serotype 9 (rAAV9)-mediated gene transfer. The PLM S68E mutant strongly inhibits NCX1 but has no effects on Na ϩ -K ϩ -ATPase (21, 28) . In addition, isoproterenol (Iso) has no effects on Na ϩ -K ϩ -ATPase in PLM-KO myocytes (8, 26) . Our experimental design allowed us to examine the effects of inhibition of NCX1 by phosphorylated PLM on cardiac contractility in vivo, without confounding influences from changes in Na ϩ -K ϩ -ATPase activity.
METHODS
Generation of PLM-deficient mice and animal care. PLM-KO mice backcrossed to a pure congenic C57BL/6 background were generated as described previously (10, 24) . Homozygous adult littermates ϳ3 mo old were used. Mice were housed and fed on a 12:12-h light-dark cycle in the Thomas Jefferson University Animal Facility supervised by veterinary staff members. Standard care was provided to all mice used for experiments. All protocols applied to the mice in this study were approved and supervised by the Institutional Animal Care and Use Committees at Thomas Jefferson University and the University of Virginia.
Construction of rAAV9-S68E. The coding sequence of canine cardiac PLM S68E mutant (279 bp) together with 5=-untranslated (60 bp) and 3=-untranslated (200 bp) sequences were released from pAdTrack by PCR.
The 539-bp fragment was then subcloned into pTR␣CARD vector with NheI and BsrGI restriction sites. Fidelity of the clone was confirmed by sequencing.
Viruses were produced by the triple transfection method with HEK293 cells (15) . Cells were seeded at 1 ϫ 10 7 cells per 15-cm plate the day before polyethyleneimine (PEI)-mediated transfection. Plasmids were added to serum-free Dulbecco's minimal essential medium (DMEM) in the following amounts per 15-cm plate: 7 g of pTR␣CARD S68E, 10 g of pXR9, and 10 g of pXX680, with a final volume of 650 l. Then 100 l of PEI (1 mg/ml, pH 7.4) was added and incubated for 10 min at room temperature. PEI-DNA complexes were added dropwise to cells growing in complete medium. Seventy-two hours after transfection, cells were collected by centrifugation and the cell pellet was resuspended in 10 ml of 10 mM phosphate buffer with 1 mM MgCl 2 on ice. Leupeptin (10 mg/ml) was added to the resuspended cells (5 l per 15-cm plate equivalent). Resuspended cells were sonicated (45 ϫ 1-s pulses at 26% amplitude) on ice, and DNase I (Roche) was added to a final concentration of 25 U/plate and incubated at 37°C for 60 min.
After DNase I treatment, NaCl was adjusted to 0.5 M and cell debris was removed by centrifugation (2,500 g, 20 min, 4°C). Virus was precipitated from solution with PEG-8000 (final concentration 8%; Fisher) and 0.5 M NaCl on ice for 1 h, followed by centrifugation (2,500 g, 20 min, 4°C). The PEG pellet was resuspended in 0.5 M NaCl containing 10 mM sodium phosphate (pH 7.4) and briefly sonicated to disrupt the pellet. Sarkosyl (1%) was added, and the disrupted pellet was incubated with gentle shaking for 1 h. Insoluble material was removed by centrifugation (2,500 g, 20 min, 4°C). The supernatant was transferred to a 14 ϫ 89-mm ultracentrifuge tube underlaid with 5 ml of 1.3 g/cm 3 CsCl and 2 ml of 1.5 g/cm 3 CsCl (both in 10 mM sodium phosphate, pH 7.4). Gradients were spun at 36,000 rpm and 18°C with a SW41 rotor (Beckman) for 20 h with no brake. The virus-containing fraction was removed by puncturing the side wall of the tube with an 18-gauge needle removing the lower most band. The extracted band was resuspended in 1.4 g/cm 3 CsCl in 10 mM sodium phosphate (pH 7.4, final volume 13.2 ml) and transferred to a 16 ϫ 76-mm Quick Seal tube (Beckman). Gradients were spun in a Ti70.1 rotor (Beckman) at 60,000 rpm and 18°C for 20 h with no brake. Gradients were fractionated from the bottom, and peak fractions were selected by refractive indexes encompassing a density of 1.42 g/cm 3 . Peak fractions were dialyzed against 10 mM sodium phosphate (pH 7.4), 180 mM NaCl, 0.001% Pluronic F68b, and aliquots were frozen at Ϫ80°C.
In vivo rAAV9-mediated gene transfer. After the skin was cleaned with Betadine solution, the left chest of an anesthetized (2% inhaled isoflurane) PLM-KO mouse was opened, the heart was exteriorized, and 25 l (total volume) of rAAV9-GFP or rAAV9-S68E (ϳ5 ϫ 10 11 particles) was directly injected into the anterior and posterior left ventricular (LV) wall and the apex. The heart was returned to the chest cavity and the wound sutured. The entire surgical procedure took Ͻ45 s. Typically Ͼ95% of animals survived the procedure. Survivors were allowed to recover for 5-6 wk before echocardiography, hemodynamic measurement, and heart excision. For the sake of brevity, PLM-KO mice (as well as hearts and myocytes derived from LV) injected with rAAV9-GFP or rAAV9-S68E are referred to as KO-GFP or KO-S68E mice/hearts/ myocytes, respectively.
Echocardiographic and hemodynamic analyses of cardiac function. Transthoracic two-dimensional echocardiography was performed in anesthetized (2% inhaled isoflurane) KO-GFP or KO-S68E mice with a 12-MHz probe as previously described (25, 26) . For in vivo hemodynamic measurements, a 1.4-Fr micromanometer-tipped catheter (SPR-671, Millar Instruments) was inserted into the right carotid artery and advanced into the LV of lightly anesthetized [tribromoethanol-amylene hydrate (Avertin); 2.5% wt/vol, 8 l/g ip] mice with spontaneous respirations placed on a heated (37°C) pad (25, 26) . Hemodynamic parameters including heart rate (beats/min), LV enddiastolic pressure (LVEDP), and maximal first time derivative of LV pressure rise (ϩdP/dt) and fall (ϪdP/dt) were recorded in closed-chest mode, both at baseline and in response to increasing doses of Iso (0.1, 0.5, 1, 5, and 10 ng) (25, 26) .
Isolation of adult murine cardiac myocytes. Cardiac myocytes were isolated from the LV free wall and septum of KO-GFP and KO-S68E mice according to the protocol of Zhou et al. (33) and modified by us (21, 24 -26) . In all experiments, myocytes were used within 2-8 h of isolation, except for [Na ϩ ]i measurements, in which myocytes cultured for 18 h were used (21, 26) . In all single-myocyte studies, rAAV9-infected myocytes were first identified by GFP fluorescence (excitation 475 Ϯ 20 nm, emission 535 Ϯ 22 nm) before measurements.
Myocyte shortening measurements. Myocytes adherent to coverslips were bathed in 0.6 ml of air-and temperature-equilibrated (37°C), HEPES-buffered (20 mM, pH 7.4) medium 199 containing 1.8 mM extracellular Ca 2ϩ concentration [Ca 2ϩ ]o. Measurements of myocyte contraction (2 Hz) were performed as previously described (21, 24 -26) .
[ (21, 25, 28) , and action potential (1 Hz) (24, 25) were measured in successfully infected myocytes (30°C) with whole cell patch clamp as previously described. In a separate series of experiments, action potential parameters (1 Hz, 30°C) were measured in successfully infected myocytes both before and 2 min after addition of Iso (1 M).
Immunoblotting. LV homogenates were prepared as previously described (24) . For detection of PLM S68E mutant (12% SDS-PAGE, reducing conditions with 5% ␤-mercaptoethanol), either monoclonal B8 (1:10,000) or polyclonal C2 (1:10,000) antibody (19) was used. For detection of ␣ 1-and ␣2-subunits of Na
, calsequestrin (7.5% SDS-PAGE, reducing conditions), and Na ϩ /Ca 2ϩ exchanger (7.5% SDS-PAGE, nonreducing conditions with 10 mM N-ethylmaleimide), commercially available antibodies were used as previously described (21, 24 -26 ]i, action potential parameters, and protein abundance, one-way ANOVA was used. A commercially available software package (JMP version 7, SAS Institute, Cary, NC) was used. In all analyses, P Ͻ 0.05 was taken to be statistically significant.
RESULTS

rAAV9-mediated gene transfer.
In myocytes infected with rAAV9, expression of GFP is driven by the cytomegalovirus (CMV) promoter and that of the S68E mutant is driven by the ␣-cardiac actin enhancer/EF1␣ promoter. Therefore, the S68E mutant is not "tagged" with GFP and is expected to have molecular mass similar to WT PLM. Five weeks after direct LV injection with rAAV9-GFP or rAAV9-S68E, significant areas of LV fluoresced green (Fig. 1, top) , indicating successful virus-mediated gene transfer. Approximately 40% of myocytes isolated from rAAV9-injected hearts exhibited GFP fluorescence (Fig. 1, middle and bottom) . This is an underestimate of the efficiency of rAAV9-mediated gene transfer by direct injection since the noninjected septum and areas of LV not injected were included in the myocyte isolation procedure. Using B8 [recognizes the NH 2 terminus of dog but not rat (20) and mouse PLM (Fig. 2) ] and GFP antibodies, we confirmed expression of both the dog PLM S68E mutant and GFP in PLM-KO hearts previously injected with rAAV9-S68E (Fig. 2,  top) . As expected, control PLM-KO hearts injected with saline demonstrated an absence of both GFP and endogenous PLM (Fig. 2) . With C2 antibody, which recognizes the COOH termini of dog, rat, mouse, rabbit, pig, and human PLM (1, 6, 19, 20, 24) , and assuming equal reactivity of C2 antibody against mouse PLM and dog S68E mutant, the level of expression of S68E mutant in injected PLM-KO hearts was lower than the level of endogenous PLM measured in WT hearts (Fig. 2, bottom) . This observation indicates that the level of S68E expression was not supraphysiological and unlikely to distort the normal stoichiometry of interaction between PLM and NCX1 and between PLM and Na ϩ -K ϩ -ATPase. There were no differences in protein levels of NCX1, ␣ 1 -and ␣ 2 -subunits of Na ϩ -K ϩ -ATPase, SERCA2, and calsequestrin between KO-GFP and KO-S68E LV homogenates (Fig. 3 , Table 1 ).
Effects of rAAV9-mediated S68E expression on in vivo cardiac performance. By echocardiography, there were no differences in body weight, heart rate, ejection fraction, fractional shortening, LV mass, stroke volume, and cardiac output between KO-GFP and KO-S68E mice under resting conditions (Table 2 ). Representative raw tracings of hemodynamic response to escalating doses of Iso in catheterized, closed-chest KO-GFP and KO-S68E mice are shown in Fig. 4 . Both groups demonstrated similar time courses of contractile response in response to Iso. Unlike WT hearts, in which there was a time-dependent decline in maximal ϩdP/dt (26), both KO-GFP and KO-S68E hearts maintained maximal ϩdP/dt after addition of 10 ng of Iso. Compared with KO-GFP hearts, KO-S68E hearts demonstrated significantly higher ϩdP/dt both at baseline and when stimulated with increasing doses of Iso (Fig. 4  and Table 2 ; group effect, P Ͻ 0.047, Iso effect, P Ͻ 0.0001, group ϫ Iso interaction effect, P Ͼ 0.98). Similarly, ϪdP/dt was higher in KO-S68E hearts both in the presence and absence of Iso (Table 2 ; group effect, P Ͻ 0.0016; Iso effect, P Ͻ 0.0001; group ϫ Iso interaction effect, P Ͻ 0.13).
Effects of rAAV9-mediated S68E expression on I NaCa and I pump in PLM-KO myocytes. We previously showed that the phosphomimetic PLM S68E mutant inhibits I NaCa in transfected HEK293 cells (28) and isolated adult rat (20) ϫ Iso interaction effect, P Ͻ 0.71). This is consistent with our previous findings that S68E mutant has no effect on I pump in adult mouse myocytes (21) . Fig. 2 . rAAV9-mediated expression of GFP and PLM S68E mutant in PLM-KO hearts. Top: 5 wk after rAAV9-S68E or saline injection, LV homogenates were prepared and subjected to SDS-PAGE followed by Western blot analysis. GFP and PLM S68E mutant (detected with B8 antibody) were present in rAAV9-S68E-but not salineinjected PLM-KO hearts. Bottom: PLM or PLM S68E mutant (identified with C2 antibody) was present in wild-type (WT) and KO-S68E LV homogenates, respectively, while no C2 signal was detected in KO-GFP or PLM-KO (injected with saline) hearts. Note the differences in amount of protein loaded for WT (5 g) and KO (40 g) LV homogenates. Note also that WT PLM and PLM S68E mutant have similar molecular masses since expressions of GFP and PLM S68E mutant were driven by 2 separate promoters. Fig. 3 . rAAV9-mediated S68E expression does not change the expression of selected proteins involved in excitation-contraction coupling. LV homogenates were prepared from PLM-KO hearts injected 5 wk earlier with rAAV9-GFP or rAAV9-S68E and subjected to SDS-PAGE followed by Western blot analysis. Primary antibodies (METHODS) were used to detect cardiac Na ϩ /Ca 2ϩ exchanger (NCX1), ␣1-and ␣2-subunits of Na ϩ -K ϩ -ATPase, sarco(endo) plasmic reticulum Ca 2ϩ -ATPase (SERCA)2, phospholemman S68E mutant (C2) and calsequestrin (CLSQ). Composite results are shown in Table 1 .
Effects of rAAV9-mediated S68E expression on action potential in PLM-KO myocytes. Changes in NCX1 activity are expected to alter action potential morphology, as we have shown for PLM-KO myocytes (24) and myocytes with induced overexpression of NCX1 (25) . Compared with PLM-KO myocytes overexpressing GFP, KO-S68E myocytes had similar resting membrane potential, action potential amplitude, and action potential duration at 50% repolarization (APD 50 ) ( Fig. 7 ; Table 3 , series A). Action potential duration at 90% repolarization (APD 90 ), however, was significantly (P Ͻ 0.001) shortened in KO-S68E myocytes ( Fig. 7; Table 3, series A) . In a separate series of experiments examining the effects of Iso (1 M) on action potential parameters (1 Hz), lower resting membrane potential (P Ͻ 0.05) and shortened APD 90 (P Ͻ 0.0001) were observed in KO-S68E compared with KO-GFP myocytes not stimulated with Iso (Table 3 , series B). The major effect of Iso was prolongation of APD 90 (P Ͻ 0.025) in both KO-GFP and KO-S68E myocytes (Table 3 , series B). Our Fig. 4 . rAAV9-mediated S68E expression enhances contractility response to isoproterenol (Iso) in PLM-KO hearts in vivo. In vivo catheterization was performed in anesthetized mice (METHODS), and maximal 1st time derivatives of LV pressure rise (ϩdP/dt) and fall (ϪdP/dt) and heart rate were continuously monitored, both at baseline and with increasing doses of Iso. A and B: representative original tracings of dP/dt in KO-GFP (A) and KO-S68E (B) mice. Arrows indicate addition of escalating doses of Iso (ng). C: averaged maximal ϩdP/dt achieved with each dose of Iso in 5 KO-GFP () and 6 KO-S68E (OE) mice. Error bars are not shown if they fall within the boundaries of the symbol. Composite results are shown in Table 2 . ] i in KO-S68E myocytes paralleled those in KO-GFP myocytes for the first 3 min but then reached a plateau (Fig. 8A) . The time course of [Na ϩ ] i is different from that of WT myocytes, in which after reaching a peak following Iso addition, [Na ϩ ] i continues to decline with time (9, 26). Table 3 . Values are means Ϯ SE. Numbers in parentheses are numbers of myocytes. Em, membrane potential; AP, action potential; APD50 and APD90, action potential duration at 50 and 90% repolarization, respectively; Iso, isoproterenol (1 M). Cells were paced at 1 Hz. Data in series A and B were obtained 10 mo apart. Comparing baseline AP parameters in KO-GFP myocytes measured in the 2 time periods showed no significant differences in resting Em (P ϭ 0.38), AP amplitude (P ϭ 0.25), APD50 (P ϭ 0.22), and APD90 (P ϭ 0.17). For AP parameters in series A, 1-way ANOVA indicates significant (P Ͻ 0.001) differences in APD90 between KO-GFP and KO-S68E myocytes. For AP parameters in series B, 2-way ANOVA indicates significant group differences in resting Em (P Ͻ 0.05) and APD90 (P Ͻ 0.0001) between KO-GFP and KO-S68E myocytes. The only effect of Iso is significant (P Ͻ 0.025) prolongation of APD90 in both groups of myocytes.
At baseline, both systolic and diastolic [Ca 2ϩ ] i values were similar between KO-GFP and KO-S68E myocytes paced at 2 Hz (Table 4) . Iso addition resulted in significantly higher peak systolic and diastolic [Ca 2ϩ ] i in KO-S68E compared with KO-GFP myocytes ( ] i transient decline between KO-GFP and KO-S68E myocytes paced at 2 Hz, both in the absence and presence of Iso (Table 4 ). This observation is in agreement with similar SERCA2 protein levels between KO-GFP and KO-S68E hearts (Table 1) .
When myocytes were paced at 2 Hz, contraction amplitudes reached maximum at ϳ2 min after Iso addition and showed little decline in both KO-GFP (from 98.5 Ϯ 1.2% to 85.4 Ϯ 3.6%) and KO-S68E (from 97.0 Ϯ 0.9% to 80.5 Ϯ 3.3%) myocytes (Fig. 8C) . By contrast, after reaching maximal values following Iso addition, contraction amplitudes in WT myocytes decline significantly with time (from 95.1 Ϯ 1.7% to 68.5 Ϯ 6.2%) (26) . 
DISCUSSION
Adeno-associated viral vectors possess several advantages over other vectors in mediating exogenous gene delivery to the heart. They are not pathogenic in humans (4), and they provide sustained myocardial transduction (7, 34) . Of the nine AAV serotypes, AAV serotypes 6 and 9 have the earliest (Ͻ7 days after intracoronary injection) and highest expression of the transgene in the heart (34) . In the present study, we injected rAAV9 directly into the LV of mice, which resulted in successful expression of the transgene as detected by immunoblotting, fluorescence imaging, and functional measurements. On the basis of detection of GFP fluorescence in myocytes isolated from LV and septum, ϳ40% of myocytes were successfully transduced by direct LV injection with rAAV9. This is a lower bound of the estimate of rAAV9-mediated gene transfer efficiency since the septum was not accessible to injection and only part of the LV was injected.
In WT hearts stimulated with Iso, PLM phosphorylated at serine 68 simultaneously inhibits NCX1 (28) but relieves its inhibition on Na ϩ -K ϩ -ATPase (8, 26) . Inhibition of NCX1 is expected to enhance contractility, while disinhibiting Na ϩ -K ϩ -ATPase would result in decreased inotropy (9, 26) . This complexity makes it very difficult to critically evaluate the two opposing effects of PLM on cardiac contractility. We reasoned that by expressing PLM S68E mutant (which inhibits NCX1 but not Na ϩ -K ϩ -ATPase) (21) in the PLM-KO background, a model with "pure" NCX1 inhibition but without concomitant enhancement of Na ϩ -K ϩ -ATPase activity would result. This novel model would allow us to isolate the effects of NCX1 inhibition by phosphorylated PLM on cardiac contractility.
Compared with PLM-KO hearts expressing GFP, PLM-KO hearts expressing the phosphomimetic PLM S68E mutant had no changes in protein levels of NCX1, Na ϩ -K ϩ -ATPase, and SERCA2. In KO-S68E myocytes, NCX1 inhibition was confirmed by reduction in I NaCa . Another observation that supported NCX1 inhibition in KO-S68E myocytes was when myocytes were subjected to rapid pacing and Iso stimulation, conditions that favored [ 90 . In rodent myocytes with short APD, NCX1 mediates net Ca 2ϩ efflux at the shoulder of the action potential. This is because the action potential is already repolarizing before the [Ca 2ϩ ] i transient reaches its peak, and I NaCa is predominantly inward (3 Na ϩ in, 1 Ca 2ϩ out) during this phase of the action potential (18) . Inhibition of NCX1 in KO-S68E myocytes would be expected to shorten APD 90 . It is important to emphasize that I NaCa but not I pump was suppressed in KO-S68E myocytes, consistent with our previous results in isolated rat myocytes (20) , cultured PLM-KO myocytes (21) , and transfected HEK293 cells (28) .
The major finding is that despite only ϳ40% of LV myocytes expressing the transgene, KO-S68E hearts had significantly better ϩdP/dt when stimulated with increasing doses of Iso. In PLM-KO hearts, in which Iso does not have any effects on Na In light of the results of previous (3, 8 -10, 19 -21, 24, 26, 28, 32) and present studies, the functional significance of PLM in the heart is beginning to emerge. In isolated rat myocytes in which PLM is overexpressed (19) ] i transients and myocyte contractility evident (13, 19, 20, 24, 32 efflux via NCX1, thereby bringing more Na ϩ into the myocyte. Under these conditions, stimulation of Na ϩ -K ϩ -ATPase by phosphorylated PLM serves to limit myocyte Na ϩ overload and reduce the risk for arrhythmogenesis, but at the apparent expense of decreased inotropy (9) . Indeed, recent in vivo studies support this concept in that with Iso ϩdP/dt rapidly rises to a peak followed by decline in WT but not PLM-KO hearts (26) . However, reduced inotropy under conditions of fight or flight is clearly not in the best interests of the animal. Our present observation that "pure" NCX1 inhibition by the phosphomimetic S68E mutant resulted in enhanced inotropy in Iso-stimulated KO-S68E hearts suggests that phosphorylated PLM serves two important functions under stressful conditions: minimizing the risks of arrhythmogenesis (by enhancing Na ϩ -K ϩ -ATPase activity) and preserving inotropy (by inhibiting Na ϩ /Ca 2ϩ exchanger). There are limitations to the present study. The first is that our method of gene delivery by direct rAAV9 injection only affected ϳ40% of LV myocytes. This limitation should not affect the results of single-cell studies since only successfully infected ("green") cells were examined. In addition, despite Ͻ50% infection efficacy, enhanced ϩdP/dt was already apparent in KO-S68E hearts compared with KO-GFP hearts. More efficient gene delivery methods such as tail vein (34) or retroorbital sinus injection of virus and novel mouse models with inducible expression of S68E mutant in the PLM-KO background would improve the signal-to-noise ratio in whole animal studies. The second limitation is the assumption that the S68E mutant faithfully mimicked the phosphorylated form of PLM. This appears reasonable since in HEK293 cells coexpressing NCX1 and WT PLM the S68E mutant reproduces the inhibitory effects of forskolin on I NaCa (28) . The third limitation is that in our attempt to compare expression level of S68E mutant in rAAV9-transduced PLM-KO hearts to that of PLM present in WT hearts, we assumed equal reactivity of our C2 antibody against dog S68E mutant and mouse WT PLM. Our C2 antibody was raised against a 16-amino acid peptide fragment of the COOH terminus of rat PLM (19) , which differs from dog S68E mutant (glutamate 68) and mouse PLM (threonine 69) by 1 amino acid. In addition, C2 antibody preferentially recognizes unphosphorylated PLM (30) . These two considerations suggest that our assumption of equal reactivity may not be entirely correct. The fourth concern is that baseline ϩdP/dt in KO-S68E hearts appeared to be higher than that in KO-GFP hearts, despite similar baseline systolic and diastolic [Ca 2ϩ ] i measured in isolated myocytes. Noninvasive measurements of cardiac performance, however, demonstrated no differences in resting cardiac output and ejection fraction between KO-GFP and KO-S68E mice under inhaled anesthesia. We speculate that injected anesthesia and the surgical manipulation involved in exposing the internal carotid artery and insertion of the catheter might have resulted in higher circulating catecholamine levels, thereby enhancing ϩdP/dt in KO-S68E hearts at "baseline." Finally, we have ignored the recent report that in transfected HEK293 cells PLM regulates the gating kinetics of L-type Ca 2ϩ channels (27) . This novel observation would render the interpretation of the effects of PLM expression and phosphorylation on cardiac contractility extremely complex. However, heterologous expression model systems often do not reproduce a protein's native milieu. A good example is that the stimulation of L-type Ca 2ϩ current by adrenergic agonists, so readily observed in cardiac myocytes (17, 29) , has yet to be reproduced in heterologous expression systems (11) . In addition, overexpression of proteins resulting in supraphysiological levels may distort the normal stoichiometry of interaction between proteins. At the present time, it may be premature to consider the effects of PLM on Ca 2ϩ channel gating on cardiac contractility until the effects are authenticated in cardiac myocytes.
In summary, we successfully expressed the phosphomimetic PLM S68E mutant in PLM-KO hearts by injecting recombinant adeno-associated virus directly into the LV. PLM-KO myocytes expressing S68E mutant demonstrated inhibition of Na ϩ /Ca 2ϩ exchanger but not Na ϩ -K ϩ -ATPase and abbreviated APD. In vivo, PLM-KO hearts expressing the S68E mutant had enhanced inotropy compared with PLM-KO hearts expressing GFP, especially when stimulated with Iso. We conclude that under stressful conditions inhibition of Na ϩ / Ca 2ϩ exchanger by phosphorylated PLM preserved inotropic response, while relief of inhibition of Na 
